Abstract. The "reverse perspective" illusion entails the apparent motion of a stationary scene painted in relief and containing misleading depth cues. We have found that, using prism goggles to induce horizontal or vertical visual field reversals, the illusory motion is greatly reduced or eliminated in the direction for which the goggles reverse the visual field. We argue that the illusion is a consequence of the observer's inability to reconcile changes in visual information due to body movement with implicit knowledge concerning anticipated changes. As such, the reverse perspective illusion may prove to be useful in the study of the integration of linear perspective and motion parallax information.
Two-dimensional visual illusions have been intensively studied for many decades, but far less attention has been given to 3D illusions. For example, the Ames room is a well-known illusion involving contradictions between depth and linear perspective, but it has not been the object of detailed psychophysical study. Although the phenomenology of the 3D hollow-mask illusion has been thoroughly described (Hill & Bruce, 1993) , the mechanism of the illusion has been described only briefly as a complicated consequence of "depth inversion" (Gregory, 1975) . A related 3D illusion is found in the artwork of Patrick Hughes (Wade & Hughes, 1999; Hughes, 2002) , who has specialized in producing objects with flat surfaces constructed in a manner referred to as "reverse perspective" or "reverspective" (Slyce, 1998) . This illusion is of particular interest because (i) it is strong, (ii) unlike the Ames room, it does not require special viewing techniques, (iii) it can be seen monocularly or binocularly (and is unrelated to binocular convergence, Wade et al., 2001) , and (iv) unlike the stereogram, most subjects with or without normal stereopsis (Papathomas, 2000) readily experience the illusory effect with minimal prompting.
The illusory motion effect is seen when the observer moves in front of a structure built with "depth inversion" (or when the structure itself moves); objects in the visual scene then appear to move in accordance with the observer's movements, sometimes described as fluid, floating or oscillating, and generally giving the impression of an exaggerated depth in the scene. The construction of a reverse perspective object involves the reversal of all normal protuberances and recessions -as in the hollow mask.
Apparently distant (smaller) objects are built to be physically closer to the observer, and vice versa for apparently close (larger) objects. Due to the "inverted" geometry, observer movement results in counterintuitive visual effects. That is, normally, as one moves leftward around a 3D object, one sees more of the left-hand side of the object, while simultaneously seeing less of the right-hand side as a consequence of motion parallax. The unusual construction of a reverse perspective object means that leftward movement reveals less of the left-side of the objects and more of the right-side, and vice versa for rightward movement. Similar reversals are obtained for up-down observer movements.
Because the illusory motion effect is obtained through either horizontal or vertical movement, we tested the effects of observer motion on the illusion in two experiments with 50 (57) naïve subjects (31 (34) male, 19 (23) female, mean age 20.1 (20.8) years) who participated for partial credit in introductory seminars on psychology. Three stimuli (measuring 41 x 110 cm) that give nearly identical visual images on the retina when viewed statically at 90 degrees and a distance of 3 meters were used. They were: (i) a normal perspective 3D object (a "shadow box"), (ii) a normal flat picture, and (iii) a reverse perspective 3D object (see Figure 1 ). The two experiments differed only with regard to what the subjects were requested to report (see below).
Theoretical predictions concerning whether or not an illusion would be seen were based solely on the ray-tracing geometry shown in Figure 1 . That is, there was either a match or a mismatch between the changes in the visual angle subtended by the objects in the visual scene due to observer movement and the changes that would be anticipated on the basis of normal visual experience. As illustrated in the Figure, the visual angle subtended by the left side of the central orange building was 2.67 degrees (at 3 meters orthogonal to the plane of the picture) in all three stimuli. After 10 cm movement to the left, the visual angle subtended by the same building side changed by +0.30, 0.0 and -0.30 degrees, respectively, for the shadow box, flat and reverse perspective objects. The magnitude of these changes of course depends critically on the magnitude of observer movement and the distance between the observer and the stimulus, but, regardless of the magnitude, the sign of the change (+, ~0, and -) is either a match with the anticipated direction of change based on all previous visual experience (the shadow box and flat picture stimuli) or a mismatch (the reverse perspective object).
Prior to the experiments, the nature of the illusion was introduced using the three stimuli without the prism goggles. Each subject was instructed to sway horizontally at a distance of three meters while gazing at the reverse perspective object, and told that the "strange movement" of the buildings in the picture was the illusion under study. All subjects reported seeing the illusion -usually with exclamations of surprise. They were then instructed to repeatedly bend their knees until a similar illusion was obtained with vertical movement. Next the subjects were shown the shadow box picture and told that the depth seen in the visual scene was merely enhanced depth perception and not an illusion. Finally, the flat picture was shown with the comment that it produced no illusion other than the "allusion" (Wade & Hughes, 1999 ) of conventional linear perspective. As a consequence of this training, all subjects were informed of the theoretically "correct" answer in fully 10 of the 18 conditions (although later testing gave a few contrary responses) (Table 1 ). The images obtained (without goggles) following a leftward movement of the observer for the three different stimuli. The movement produces a qualitatively normal, if exaggerated, perspective change in the shadowbox case (B), virtually no perspective change in the flat picture case (C), and a qualitatively abnormal perspective change in the reverse perspective case, where the visual scene changes as if the observer had moved to the right (D). The "relief" structure of the three stimuli, as seen from above, is shown by the line drawings. The shadowbox picture has recessions at locations corresponding to more distant objects in the scene, whereas the reverse perspective object is built "in reverse" with those same locations protruding. Note that, when viewed directly from the front, the visual angle subtended by the left side of the orange building is 2.67 degrees in all three stimuli, but, following 10 cm movement to the left, the angle increases in (B) (as expected for a normal 3D object), remains almost unchanged in (C) (as expected for a 2D picture), and decreases in (D) (a counter-intuitive change that produces the illusion of movement in the picture itself). (The figure is drawn with approximately 10-fold exaggeration of observer movements.) The nature of the changes in the visual scene due to ego motion is fully explicable solely on the basis of the above geometry, but the strength of the illusion appears to be a consequence of the counterintuitivity of the "top-down" expectations.
For both experiments, subjects were fitted first with the horizontal-reversal goggles, then the vertical-reversal goggles (with the stimuli upside-down). The commercially available goggles (Takei Instruments, Ltd., Osaka) contain two prisms for binocular viewing. When wearing the vertical (horizontal) goggles, the visual field extends 25.4 (25.4) degrees horizontally and 25.4 (17.1) degrees vertically. Ambient light produced no shadows on the objects themselves, and there was minimal specularity from the matte finish of the pictures. While wearing the goggles, subjects were requested to sway horizontally (~20 cm), as before, in front of the reverse perspective object and report if the illusion was obtained, and then to move vertically (~20 cm) and report again. This procedure was repeated using the shadow box and the flat picture stimuli, in that order. A randomized sequence could be used to produce more representative results, but the strongly significant trends in the data indicate that such a manipulation in the procedures is likely to produce similar results. Responses were recorded by the subjects simply as "yes/no" responses on a questionnaire, with no further training, prompting or explanation of the nature of the illusion. All "don't know" responses were scored as "no"s. Subject responses and theoretical predictions are as shown in Table 1 for the three viewing conditions (no goggles, left-right reversal goggles, or up-down reversal goggles) and for the two types of observer movement (left-right or up-down). Table 1 . The theoretical predictions and experimental data for the 18 conditions. "Yes" ("No") means that, theoretically, the illusion should (should not) be seen. Numbers indicate the percentage of subjects who stated that the illusion was seen in Expt. 1 (numbers in parentheses are the results of Expt. 2). Deviations from 100% and 0% are thought to be primarily a consequence of the general disorientation that is caused by the goggles. The shaded cells are the conditions in which the subjects were informed of the correct response.
The two experiments differed only with regard to what the subjects were asked to report. In Expt. 1, the presence of "strange movement" was queried, whereas in Expt. 2 the subjects were told that the illusion under study sometimes produced counter-intuitive perspective effects such that the anticipated changes in the sides of buildings and ground did not occur. After explicit explanation of this effect while the subject viewed the reverse perspective object without the goggles, subjects were requested to report whether or not the normal changes in the visual scene occurred in the various conditions while wearing the goggles. This type of query was made in order to know more precisely that the reverse perspective illusion was experienced, rather than simple disorientation due to the goggles.
In both experiments, some responses for some subjects were contrary to the theoretical expectations, presumably because of confusion when the goggles are worn and consequently difficulty in describing whether specifically the perspective illusion was experienced. Moreover, with or without the goggles, the reverse perspective objects results in bistable percepts (Papathomas, 2000) , which alone can be confusing. Nonetheless, as shown in Table 1 , the overall pattern of responses confirmed the predictions. It is of interest that the reverse perspective illusion was reported as having been seen in two of the conditions when viewing the shadow box with goggles on. Theoretically, such effects are expected because body movement with goggles on produces counterintuitive changes in the visual field that are similar to the effect of the reverse perspective object (without goggles), i.e., revealing aspects of 3D objects that normally would become hidden with movement. Indeed, the essence of the disorientation produced with left-right or up-down reversal goggles is not simply the mirror reversal of visual information, but the fact that normal head and body movements produce abnormal changes in the visual scene (Kohler, 1964) . In that respect, it can be said that inversion goggles produce the reverse perspective illusion in one direction (horizontal or vertical) for the entire visual field. The illusion (without goggles) produced in the artwork of Hughes is not as disorienting as the "illusion" for all visual experience when goggles are worn because the reverse perspective illusion occurs only within the framework of the artwork; as a consequence, it does not lead the observer to have confusions about proprioception and motor control, but remains purely visual.
In two conditions involving the shadow box, the percentage of reports of illusions was rather low relative to the theoretically expected value of 100%, but the relevant comparison is between the shadow box conditions wearing goggles in which an illusion is theoretically not expected versus those in which an illusion is expected (see Table 1 ). In the conditions where no illusion is expected using the shadow box stimulus, an average of 9% of the subjects reported an illusory effect, whereas 57% reported illusions in the conditions where an illusion was theoretically expected (df=49, t>5.25, p<0.001 and df-59, t> 5.13, p<0.001 in Expts. 1 and 2, respectively). In other words, using prism goggles to induce horizontal or vertical visual field reversals, the illusion appears for most subjects in the direction for which the goggles reverse the visual field when viewing the shadow box (and has no effect in the direction that is not reversed by the goggles). In contrast, when viewing the reverse perspective object, the illusion was still seen in the direction unaffected by the prism goggles in 88% of subjects, while reported as seen in only 9% of subjects in the direction affected by the goggles (df=49, t>10.58, p<0.001 and df=59, t>8.80, p<0.001 in Expts. 1 and 2, respectively).
We conclude that the reverse perspective illusion is a consequence of the contradiction between the changes in visual information during observer movement and the observer's implicit knowledge concerning expected changes in the visual scene. Observer motion produces increases or decreases in the size of the various surfaces of objects in the artwork, but the changes are directly contrary to what is anticipated on the basis of previous experience with normal 3D objects. This can be interpreted as a contradiction between "bottom-up" visual processing and "top-down" expectations about changes in the visual world due to observer motion, based on a lifetime of normal integration of visual and proprioceptive information. Rather than deny the veracity of one's own implicit knowledge, i.e., the phenomenal geometry of the visual scene (Gogel, 1990 ) and the expected changes in the phenomenal geometry due to ego motion, observers have a strong tendency to see motion in the artwork itself.
Further details concerning the stimulus materials can be obtained at http://www.res.kutc.kansai-u.ac.jp/~cook/RPIndex.html.
